Summary
7.
The steepest part of the plasma aldosterone response curve was in the plasma potassium range 4-6 mmolh.
8. Maximum achieved aldosterone levels were similar to or greater than those attained during angiotensin I1 infusion in previous studies in beagle dogs.
Introduction
Aldosterone secretion is controlled by angiotensin 11, potassium, adrenocorticotropic hormone (ACTH), plasma sodium concentration and perhaps dopamine. It is unlikely that these influences are independent in vivo. For example, the aldosterone response to administered ACTH and to angiotensin I1 is enhanced by sodium depletion [1- The inter-relations between sodium and potassium status in the control of aldosterone secretion are therefore complex. Data obtained both in vitro and in vivo show that potassium has a specific and potent stimulant action on the adrenal zona glomerulosa. However, previous reports have not clarified whether potassium/ aldosterone relationships are altered by changes in cumulative sodium balance. In the present study, we have examined the effect of changes in sodium status on the response of plasma aldosterone to short-term infusions of potassium. 
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Beagle dogs were used so as to allow construction of more complete potassium/aldosterone dose-response curves than is possible in man.
Materials and methods
Eight male pedigree beagle dogs, 2 4 years old and weighing 12-18 kg, were studied. The right carotid artery had been exteriorized in a loop of skin, as previously described [31. The animals were housed separately in metabolic cages to allow collection of faeces and urine. Diets were prepared as before [31 and were low in sodium (2-5 mmol/day) and potassium (3.7 mmol/day), being supplemented with 'Slow Potassium' (Ciba, 24 mmol/day) and 'Slow Sodium' (Ciba, 10 mmol/tablet) as required (see below). The dogs were fed and weighed once daily. They were maintained for 4 days on a sodium intake of 32-35 mmol/day, then for 4 further days on one of the following dietary regimens: (a) high sodium intake (400 mmol/day) (n = 6); (b) average sodium intake (32-35 mmol/day) ( n = 20); (c) dietary sodium depletion (2-5 mmol/day) ( n = 4); (d) diuretic-assisted sodium depletion [frusemide, 2 or 5 mg/kg intravenously, before (c)] ( n = 6); (e) diuretic-assisted sodium depletion [frusemide, 25 mg/kg intravenously, before (c)l
At the completion of each 4 day period the dogs were prepared for potassium infusion [3] . A fine polythene catheter was inserted into a forelimb vein under local anaesthesia and directed into the jugular vein so that the infusate mixed rapidly with a large volume of blood. The infusate was potassium chloride in 5% glucose solution and was delivered at consecutive rates of 0, 3.4, 6 . 5 , 12.9 and 24.8 mmol/h, each rate being continued for exactly 1 h. All experiments began at 09.00 hours. The total infusion volume in each experiment was 107 ml. Carotid arterial blood samples for estimation of plasma electrolytes, aldosterone and angiotensin I1 were taken at the end of each hour, centrifuged at 4OC and the plasma was stored at -2OOC. Up to 144 
Results

Cumulative electrolyte balance
The effects of altering sodium intake and of diuretic treatment on sodium and potassium balance and on body weight are shown in Table  1 . Changes in cumulative sodium balance generally paralleled those in body weight. With increasingly negative sodium balance, cumulative potassium balance became progressively positive.
Eflect of sodium status on basal plasma electrolytes, aldosterone and angiotensin II
Compared with the dogs having 32-35 mmol of sodium/day intake (group b), dogs in group (e) (25 mg of frusemide, diuretic-assisted sodium depletion) had significantly lower baseline preinfusion levels of plasma sodium (P < 0.05); baseline plasma sodium was unchanged in the other groups (Table 2 ). Plasma potassium before infusion was higher as cumulative negative sodium balance increased (Table 2) . Likewise, baseline aldosterone and angiotensin I1 concentrations rose progressively from the high sodium regimen (group a) to the most severely sodium-depleted group (e, Table 2). 
Effects ofpotassium infusion
Plasma potassium concentration. In Fig. 1 , the regression lines of plasma concentrations on infusion rates of potassium are plotted for each of the five groups. The correlation coefficients were highly significant (P < 0.001) for each regimen.
The slope of the regression lines increased monotonically from the high sodium to the most sodium-depleted group. The probability that the five regression lines represented the same data population was less than O-ooOOl.
Plasma sodium concentration. Details of plasma sodium concentrations in each of the five groups of dogs before and at the end of each of the four incremental periods of potassium infusion are shown in Table 3 Plasma aldosterone. Aldosterone levels increased during potassium administration in each group of dogs. Potassium/aldosterone doseresponse curves in individual animals from groups (a), (c) and (e) are shown in Fig. 2 . In groups (a) and (c) these approximate to straight lines, but after more severe sodium depletion (group e) there is evidence in some animals of an approach to a response plateau at high plasma potassium levels. In this group, linear regression analysis may in fact have underestimated the steepness of slope. Nevertheless, as shown in Fig.   3 , which summarizes all potassium-aldosterone data, regression lines and correlation coefficients, individual potassium/aldosterone dose-response curves on semi-logarithmic plots were markedly steepened and shifted upwards in sodium-depleted dogs (groups c, d and e) compared with those on the high sodium (group a; Fig. 2) or average sodium intake (group b). Correlations between plasma potassium and concurrent aldosterone concentrations were highly significant both within each group (P < 0.01-P < 0401, Fig. 3) and also when all data were combined ( r = 0.63, P < 0401, n = 240). A progressive increase in the slope of individual dose-response curves (Fig. 2) and in potassium-aldosterone regression lines (Fig. 3) was observed from the high sodium (group a) through the average sodium (b) to the sodium-depleted groups (c, d and e). The slopes of the regression lines for groups (c) (dietary sodium depletion) and (e) (frusemide, 25 mg/kg, assisted sodium depletion) were significantly steeper than those of the average sodium uptake (group b) and high sodium (group a) regimens (P < 0.01 in each instance).
Alterations in cumulative sodium balance, therefore, resulted in changes in the relationship between plasma potassium and its infusion rate ( Fig. 1) and between plasma potassium and aldosterone concentrations (Figs. 2 and 3 ). These two relationships were further examined by plotting, for each group, the slope of the respective potassium/aldosterone regression lines against the mean of the log plasma potassium (this includes all data, both before and during potassium infusion). The slopes of the regression lines increased as mean log plasma potassium rose. When the squared reciprocals of the standard errors of the slopes were used as weighting factors, the weighted correlation coefficient was 0.9 16 (P < 0.05).
Discussion
There is an abundant literature attesting to the aldosterone-stimulating potential of potassium. From studies in vitro utilizing adrenal tissue of the rat (15-181, dog [191, consider potassium to be as potent as the renin-angiotensin system in controlling aldosterone secretion in sodium-restricted man.
Comparison of plasma potassium and angiotensin II as a stimulus to aldosterone
Comparison of the present data with those from a similar study on the effects of angiotensin I1 shows that changes in plasma potassium within the physiological range, in various states of sodium balance, can achieve changes in plasma aldosterone as great as, or greater than, those induced by alterations in plasma angiotensin 11, which are also within the physiological range 131.
An unanswered question, of major importance, is whether the aldosterone-stimulating potency of potassium is dependent upon body sodium status. The present work shows, nevertheless, that in pure-bred beagle dogs, potassium/aldosterone dose-response curves are progressively elevated and steepened with progressive sodium depletion. It is unclear why most earlier workers failed to show this effect of sodium balance on potassium/ aldosterone relationships. In much of the previous work, very few dose rates of administered potassium were studied. As a result, extensive dose-response curves could not be constructed, thus making interpretation dimcult. Differences in the method of inducing sodium depletion could also be important. For example, loss of saliva in sheep 1221 may be associated not only with a severe and relatively sudden sodium deficit, but also with profound changes in acid-base balance which may alter zona glomerulosa function 1301. Furthermore, the changes in cumulative potassium balance which accompany changes in sodium balance, will alter aldosterone responsiveness to a number of stimuli [16, 311. Unfortunately, most earlier studies do not describe changes in potassium balance produced by sodium depletion. In the present experiments we observed progressive potassium retention as sodium loss increased. Finally, the possibility remains that there are species differences in the response of the zona glomerulosa to potassium, although man and the beagle dog exhibit similar changes in aldosterone responsiveness to both angiotensin I1 [3, 41 and to ACTH [5, 321 with alterations in cumulative sodium balance.
Control studies have previously shown that in beagle dogs infused with 5% glucose solution alone, and subjected to periodic blood sampling over 5 h, as in the present experiments, there are no significant changes in plasma sodium, potas-sium, angiotensin I1 or aldosterone [31, neither in usual sodium status nor after sodium depletion. This applies both to animals with average sodium uptake and to those subjected to sodium depletion.
Moreover, systematic changes in plasma angiotensin I1 or sodium concentration during the incremental infusion of potassium cannot readily be invoked to explain the progressive steepening of the plasma potassium/aldosterone doseresponse curves with advancing sodium depletion. In groups (a), (b), (c) and (d), mean plasma angiotensin I1 concentration fell slightly with increasing doses of administered potassium ( Table 3 ). This might indicate suppression of renin secretion by potassium loading [391. By contrast, however, in the most severely sodiumdepleted group (e), plasma angiotensin I1 concentration had risen significantly at the highest potassium dose and this rise in plasma angiotensin I1 could have reinforced the effect of potassium in elevating plasma aldosterone.
Similarly, the only significant change in plasma sodium concentration was a slight fall in group (d) ( Table 3 ). The magnitude of this was, however, such as to have only a marginal effect on aldosterone secretion [23].
The mechanism of the enhanced response of aldosterone to potassium is not established. Sodium depletion is associated with a fall in plasma sodium and a rise in potassium and angiotensin I1 concentrations ( Table 2 ) and any or all of these influences could well increase adrenocortical responsiveness. There is direct evidence in man that chronic elevation of angiotensin I1 can enhance aldosterone response in the absence of changes in sodium or potassium balance 1331. Alterations in ambient sodium and potassium might well have a similar effect 1341.
Characteristics of potassium/aldosterone dose-response curves have been defined in several studies in vitro [15, 17, 18, 20, 351. In general, the steepest portion of the dose-response curve is in the range 4-5-7 mmol/l for changes in ambient potassium concentration. The maximum aldosterone response is usually reached around 8-9 mmol/l, with often a fall in aldosterone production at higher potassium levels. Fewer studies in vivo have been reported, and construction of complete dose-response curves cannot safely be attempted in man. Partial dose-response curves from chronic potassium infusions in dogs were reported by McCaa el al. [361 and showed increasing steepness of the aldosterone response up to plasma potassium levels of approximately 5.5 mmol/l. The present study in vivo shows the steepest portion of the response curves of plasma aldosterone to be in the plasma potassium range 4-6 mmol/l, with the suggestion of a stable plateau above 6.5 mmol/l. We found no evidence of a fall in plasma aldosterone at the higher plasma potassium concentrations, although from experiments in vitro potassium values greater than 8 mmol/l may be required before this occurs. However, in some animals in the most severely sodium-depleted group, there was evidence that a maximum aldosterone response had been achieved, indicating that the top of a sigmoid dose-response relationship might have been reached.
The present experiments have considered plasma aldosterone concentration, which may be influenced by changes in both aldosterone secretion and metabolic clearance. Most [2, 3, 371 but not all 1381 studies suggest that the former is the dominant factor in sodium depletion. Our present studies were not designed to, and do not, illuminate this aspect further.
The mechanism by which potassium stimulates aldosterone secretion remains to be clarified. The current state of research has recently been reviewed [391. In summary, neither the reninangiotensin system nor stimulation of adenyl cyclase is involved. Despite earlier suggestions to the contrary, intracellular potassium in the zona glomerulosa cells is not markedly altered during changes of secretion. However, potassium may have its effect by altering cellular calcium metabolism.
The main aim of the present study was to examine the interaction of sodium and potassium status in the control of plasma aldosterone over as wide a dose range of potassium as possible. Our results leave no doubt that sodium depletion enhances the acute response of aldosterone to potassium in the conscious dog. In this respect, therefore, potassium resembles both angiotensin I1 1241 and ACTH [ l , 5, 321. Thus the three major stimuli of aldosterone become progressively more effective with advancing sodium depletion, facilitating the maintenance of sodium balance and preserving homoeostasis.
